Novel missense mutation of uromodulin in mice causes renal dysfunction with alterations in urea handling, energy, and bone metabolism.
MUTATIONS IN THE UROMODULIN (UMOD) gene result in a dominant heritable disease syndrome characterized by hyperuricemia, gout, alteration of urine concentrating ability, and inconstantly progressive renal failure and histological alterations of the kidneys, such as tubulointerstitial nephritis, cysts, and interstitial fibrosis (14, 26, 29) . However, clinical features are variable also within affected families, irrespective of type and site of the mutation. As a consequence, different syndromes, i.e., medullary cystic kidney disease type 2 (MCKD2; OMIM 603860), familial juvenile hyperuricemic nephropathy (FJHN; OMIM 162000), and glomerulocystic kidney disease (GCKD; OMIM 609886) were defined, which were recently summarized as uromodulin-associated kidney disease or uromodulin storage disease with a proven UMOD mutation involved (5, 29) .
Uromodulin, originally identified over 60 years ago as Tamm-Horsfall glycoprotein, is the most abundant protein in mammalian urine (25, 32) . It is synthesized exclusively and abundantly in the cells of the thick ascending limb of Henle's loop (TALH) without macula densa cells (18) . Once synthesized, the uromodulin precursor is processed within the endoplasmic reticulum (ER) and Golgi complex into mature glycoprotein (30) . Uromodulin contains a complex glycosyl moiety with variable structure which suggests a capacity for adhesion to a variety of ligands (30) . In addition, uromodulin is often involved in cast nephropathies due to its tendency to gelation (35) . Uromodulin knockout mice show difficulties in clearing bacteria from the urinary bladder (4, 23) and have a tendency to form calcium oxalate stones under experimental hyperoxaluria (22) . They exhibit only minor renal effects. Steady-state electrolyte handling and histological kidney structures are not different in these animals compared with wild-type mice (3) .
This study describes the genetic and phenotypic analysis of the chemically induced mutant mouse line Umod A227T . This mouse line harbors a novel missense mutation of uromodulin and exhibits a phenotype similar to uromodulin-associated kidney disease in humans. The aim of our study was to analyze the effect of the disease on renal function and urinary excretion of solutes as well as its impact on other organ systems.
MATERIALS AND METHODS

Animals, linkage analysis, and detection of the causative mutation.
Line UREHR4 exhibited an increase in plasma urea which was heritable in an autosomal recessive manner. The mouse line was established within the Munich ENU mouse mutagenesis project, which was carried out on the inbred C3HeB/FeJ (C3H) genetic background. Mouse husbandry, breeding, linkage analysis, and genome-wide mapping were described previously (2) . All animal experiments were carried out under the approval of the responsible animal welfare authority.
Additional fine mapping was performed using further SNP and microsatellite markers. Umod (NM_009470) was selected for sequence analysis as a positional candidate gene. Genotyping of mice was performed by allele-specific PCR and confirmed by restriction fragment length polymorphism (RFLP) analysis. Primer sequences are available on request.
Clinical chemical analyses. Analyses of blood and urine parameters were carried out as described previously (2, 28) . Plasma creati-nine values were determined enzymatically (Biomed, Oberschleissheim, Germany), while urine creatinine concentration was determined by the Jaffé method.
Analyses of urine and kidney function. Body weight, water consumption, and urine excretion were measured using metabolic cages for single mice (Tecniplast, Hohenpeissenberg, Germany). Urine osmolality was determined by freezing point depression analysis. Daily excretion of solutes was measured, and data were normalized to 25 g body wt. Creatinine clearance was calculated according to the formula creatinine clearance ϭ [Crea] 24h urine ϫ 24-h urine volume/ [Crea] plasma. Fractional excretion of a solute x (FEx) was calculated according to the formula: FE x ϭ ([x]24h urine ϫ 24-h urine volume)/ ([x] plasma ϫ creatinine clearance) ϫ 100. Blood samples for measurement of plasma parameters were taken 1 wk before metabolic cage analyses of the corresponding animals.
Analyses of blood pressure and heart rate. Blood pressure and heart rate were measured in conscious mice by a noninvasive computerized tail-cuff method using the MC4000 Blood Pressure Analysis Systems (Hatteras Instruments, Cary, NC) (17) . Measurements were carried out on 4 consecutive days, with 15 measurement runs performed in each session.
Metabolic measurements. Indirect calorimetry was performed using an open respiratory system (SM-MARS, Sables Systems, Las Vegas, NV). The O 2 and CO2 content of the individual animal chambers was analyzed by O2 and CO2 sensors. Oxygen consumption (V O2; ml O2 ⅐ h Ϫ1 ⅐ animal Ϫ1 ) and carbon dioxide production (V CO2; ml CO2 ⅐ h Ϫ1 ⅐ animal Ϫ1 ) were calculated from gas concentrations and flow rates (16) . The respiratory quotient was calculated as RQ ϭ V CO2/V O2. Heat production (HP) was calculated according to HP [mW] ϭ V O2 ϫ (4.44 ϩ 1.43 ϫ RQ) (15) . The test was performed for 21 h (from 1400 CET to 1100 CET the next day) at 23°C with a 12:12-h light-dark cycle in the room (lights on 0630 CET, lights off 1830 CET). Body mass was determined before and after the measurement. Upon termination, rectal body temperature was measured.
Skeletal analysis. Dual-energy X-ray absorptiometry (DXA) and peripheral quantitative computed tomography (pQCT) analyses were performed as described (1) . For pQCT analysis, the reference line for the CT scans was set at the most distal point of the femur (knee joint space). At 3.0 mm proximal from the reference line, two slices were taken at 0.25-mm intervals, and at 6.0 mm proximal from the reference line one slice was taken to give characteristic cross sections of the femoral metaphysis and diaphysis, respectively.
Morphological analysis. For determination of body and organ weights, mice were killed by bleeding from the retroorbital sinus under ether anesthesia. Organs were dissected, blotted dry on tissue paper, and weighed to the nearest 0.1 mg.
Histological analyses of kidneys were performed as described previously (2) . Staining of histological kidney sections included hematoxylin and eosin (H&E), Giemsa, and Masson-Trichrome. Immunohistochemistry was performed with a polyclonal goat antiserum against human uromucoid (1:500; MP Biomedicals, Illkrich, France). For electronmicroscopic analysis, kidneys were fixed with 3% glutaraldehyde in PBS (pH 7.2) via orthograde vascular perfusion, and 1-mm 3 samples of the renal cortex were postfixed by immersion in the same fixative for 1 day and processed as described (2) .
Western blot analyses of urine samples. Twenty-four-hour urine samples, standardized for equal creatinine levels, were denatured by boiling after addition of ␤-mercaptoethanol and loaded on 8% SDSpolyacrylamide minigels. Blotting and immunodetection were performed as described (20) . For detection of urinary uromodulin, goat antiserum against human uromucoid (1:500; MP Biomedicals) was used. Signal intensities were quantified using ImageQuant (GE Healthcare, Munich, Germany).
Statistical analysis. Data are shown as means Ϯ SD. Data were analyzed by using an unpaired Student's t-test. Mass dependent energy metabolism variables were analyzed using generalized linear models including sex, genotype, and body mass as effects.
RESULTS
Establishment of Umod
A227T mutant mouse line. Generation of the chemically induced mutant mouse line UREHR4 and genome-wide linkage analysis to determine the chromosomal region of the causative mutation were described previously (2) . The mouse line exhibited increased plasma urea levels, which was heritable in an autosomal recessive manner. The causative mutation was linked to a single chromosomal site on chromosome 7 between 125.2 (rs3690100) and 134.8 Mb (rs31285172). The probability of the existence of confounding nonsegregating mutations in this chromosomal region is P Ͻ 0.001 (19) . Sequence analysis of Umod cDNA, whose gene is located at 126.6 Mb on chromosome 7, revealed a G3 A transversion in exon 3 at nt 871 (NM_009470) (Fig. 1A) . Genotypic differentiation was enabled by allele-specific PCR reactions and was confirmed by RFLP analysis (Fig. 1, B and C) . Mating of heterozygous mutant mice showed the expected Mendelian pattern of inheritance of the mutation in the offspring.
The identified mutation leads to an amino acid substitution of alanine to threonine at position 227 of uromodulin. Therefore, the line was designated as the Munich Umod A227T mutant mouse line. This region is relatively well conserved between species, and numerous mutations causing uromodulin-associated kidney disease in humans are located there (Fig. 1D ).
Blood and circulation data of 4-mo-old adult Umod
A227T mutant mice. Plasma creatinine and urea levels were strongly increased in homozygous mutants and moderately increased in heterozygotes of both genders compared with their wild-type littermate controls (Table 1) . A moderate increase in plasma calcium concentrations was detected in homozygous mutant males. Female homozygotes exhibited significantly increased uric acid levels in plasma. Cholesterol, triglycerides, and nonesterified fatty acids (NEFA) were decreased in mutants of both genders. Plasma concentration of the N-terminal fragment of pro-atrial natriuretic peptide (Nt-proANP) tended to be increased in homozygous mutants. No genotype-specific difference was seen in blood pressure and heart rate (age of mice analyzed: 12-15 wk; n ϭ 10/genotype and gender; data not shown).
Blood data of 2-wk-old juvenile Umod
A227T mutant mice. No alterations in plasma creatinine and urea levels were detected in 2-wk-old homozygous mutant and heterozygous mutant mice of both genders compared with their age-matched wildtype littermate controls (n ϭ 4 -12/genotype and gender; data not shown). Plasma cholesterol and triglyceride levels tended to be decreased in female heterozygotes (Student's t-test vs. wild-type: P Ͻ 0.05 and P Ͻ 0.01, respectively), but not in female homozygous mutant and male mutant mice compared with their sex-matched wild-type littermate controls.
Urine excretion and concentration ability of 3-to 4-mo-old Umod
A227T mutant mice. A 1.5-fold increase in daily urine volume and a significant decrease in urine osmolality were detected in adult homozygous mutant mice compared with wildtype controls (Table 2) . Although urine-to-plasma ratios of sodium and potassium were significantly decreased ( Fig. 2A) , fractional excretions were fairly unchanged and daily urinary excretions were only moderately increased in homozygous males (Fig.  2B) . In contrast, urine-to-plasma ratios of urea and uric acid were decreased two-to threefold ( Fig. 2A) , and also fractional excretions were decreased twofold (Fig. 2B ). In addition, homozygotes of both genders exhibited a threefold increased excretion of calcium (Table 2) . Also, daily urinary excretion of magnesium was significantly increased in homozygous males (P Ͻ 0.001), and this tendency was also seen in homozygous females (P ϭ 0.075 vs. wild-type). Urinary excretion of uromodulin was markedly decreased in homozygous mutant mice of both genders (Fig. 2C) . The uromodulin signals detected in urine of homozygous mutant and heterozygous mutant mice corresponded to the size of the wild-type uromodulin band.
Despite deprivation of drinking water, homozygotes still excreted 40% more urine than wild-type controls (males: P Ͻ 0.01, females: P ϭ 0.06), whereas urine osmolality remained significantly decreased (Table 2) .
Compared with wild-type controls, urinary data of heterozygotes often showed a tendency of alterations toward the direction seen in homozygous mutants.
Morphological, metabolic, and skeletal data of Umod A227T mutant mice. Adult homozygous mutants of both genders had a significantly lower body weight than wild-type mice (Tables 2 and 3) . Heterozygous mutants showed an intermediate state. Most relative organ weights were not significantly different between genotypes (not shown). Analysis of body composition, performed by DXA, demonstrated that fat mass and fat content (percent body fat) were significantly decreased in mutants whereas lean content (percent lean mass) was increased (Table 3) . Analysis of energy metabolism by indirect calorimetry revealed that body temperature and metabolic rate were decreased in adult mutants (Fig. 3) . Both mean and minimum (Fig. 3) .
To elucidate the long-term effect of hypercalciuria, an analysis of the skeleton was performed. DXA analysis showed that bone mineral density and bone mineral content were significantly decreased in 4-mo-old mutant animals, indicating osteopenia (Table 3) . This was more pronounced in homozygous mutants than in heterozygotes. pQCT analysis of 6-mo-old mice revealed that total and cortical bone content were significantly reduced at the distal femoral metaphysis and diaphysis in homozygous male mutants, with the same tendency in females (not shown). Additionally, total, trabecular, and cortical bone density was significantly decreased at the femoral diaphysis in male homozygous mutants (same tendency in females) compared with wild-type mice.
Pathological findings in the kidney. Kidneys of 3-to 6-moold homozygous mutant mice appeared unremarkable by light microscopy. Immunohistochemical analysis for uromodulin demonstrated weak diffuse homogenous cytoplasmic and distinct apical membrane staining for uromodulin in the distribution of the TALH in wild-type control mice (Fig. 4A) . In contrast, TALH cells of homozygous mutants exhibited more intense uromodulin staining, which was located intracytoplasmically in the perinuclear compartment (Fig. 4B) . On ultrastructural evaluation, TALH cells contained intracytoplasmic inclusions composed of perinuclear stacked lamellar structures occasionally associated with ER granules (Fig. 4, C and D) . These lamellar structures might represent hyperplastic bundles of the ER. In addition, the mitochondrial basal labyrinth in the periphery of the nucleus seemed to be less compact. Glomeruli and proximal tubules appeared unremarkable.
DISCUSSION
Homozygous Umod
A227T mutant mice are viable, and they grow and reproduce normally. They show a defect in the urine concentration mechanism and the excretion of urinary solutes. The causative mutation A227T is located in a relatively wellconserved region of uromodulin where also numerous mutations in humans causing uromodulin-associated kidney disease were detected. Uromodulin is a GPI-anchored glycoprotein localized at the apical membrane of TALH cells, from where it is released into urine by proteolytic cleavage (30) . Therefore, correct biosynthesis and intracellular routing through the ER and Golgi complex are essential. It has been demonstrated that uromodulin mutations cause protein misfolding, leading to defective and delayed uromodulin trafficking (26, 33) . This explains the observed altered immunohistochemical staining pattern of uromodulin on TALH cells as well as the electron microscopic results suggestive of a storage disease (24, 26, 33) . Similar alterations of TALH cells were also observed in homozygous Umod A227T mutant mice. In humans, heterozygous carriers of UMOD mutations had a lower urinary uromodulin excretion than control subjects, and mass spectrometric analyses demonstrated that urinary uromodulin corresponded to the wild-type isoform (10) . As demonstrated in homozygous mutant mice, mutant Umod A227T protein is excreted even though in a distinctly reduced amount due to altered uromodulin trafficking. Western blot analysis detected excreted mutant Umod A227T protein with a size corresponding to wild-type uromodulin, which excludes major alterations in the glycosylation pattern. The concise glycosylation pattern has to be analyzed in more detail in further studies as the A227T-exchange generates a potentially new O-linked glycosylation site. 
A227T mutant mice exhibited alterations of renal function. So far, no direct function of uromodulin in ion transport or on urinary excretion of solutes was reported. However, a defect of uromodulin trafficking might affect the residual capacity of the ER for protein maturation in TALH cells. Furthermore, the physiological location of uromodulin on TALH cells might be required for their function. Uromodulin is colocalized with the Na ϩ -K ϩ -2Cl Ϫ cotransporter (NKCC2), a major ion transporter of TALH cells, in lipid rafts of TALH cell membranes, and NKCC2 ion transport activity is lipid raft-dependent (34) . Thus the functional defects in ion transport of TALH cells might be secondary to the Umod mutation. Fig. 2 . Urine-to-plasma ratios, fractional excretion, and Western blot analysis of uromodulin content in urine of adult mice. A: urine-to-plasma ratio of sodium, potassium, urea, and uric acid was decreased in homozygous mutant mice of both genders compared with wild-type littermate controls, whereas these of urea and uric acid are more pronounced decreased. B: fractional excretion of sodium and potassium were fairly unchanged between genotypes. In contrast, fractional excretion of urea and uric acid were distinctly decreased in homozygous mutants of both genders compared with wild-type littermate control mice. A and B: age of mice analyzed: 13-16 wk. Values are means Ϯ SD. Ratios relative to wild-type value are indicated in italic. n ϭ 11-14/genotype and gender. Wt, wild-type; het, heterozygous mutant; homo, homozygous mutant. Student's t-test vs. wild-type: *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001. C: Western blot analysis of uromodulin content in urine, normalized for creatinine, demonstrates that uromodulin excretion in urine is distinctly decreased in homozygous mutant mice compared with wild-type control mice. The uromodulin signals detected in urine of mutant mice corresponded to the wild-type uromodulin band. Signal intensities were quantified according to the mean of wild-type uromodulin signals [mean (wild-type) ϭ 100]. Age of mice analyzed: 13-16 wk. Student's t-test vs. wildtype: **P Ͻ 0.01, ***P Ͻ 0.001.
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TALH cells express numerous ion transporters, such as NKCC2, ROMK, Na ϩ /H ϩ exchanger (NHE3), KCC4, and ClC-Kb (12) . Through their coordinated interaction, these transporters are responsible for reabsorption of up to 20% of glomerular filtrate and for the ability of the kidney to dilute and concentrate urine. The urine concentration ability of homozygous mutant mice was moderately impaired, and their urine osmolality was lower. In humans, low urine osmolality was constantly found in carriers of UMOD mutations and some patients exhibited also mild polyuria (26) . Thus TALH dysfunction caused by impaired uromodulin trafficking leads to impairment of urine concentration ability, and this cannot be totally compensated by the other segments of the nephron in mutant mice and probably also in affected humans. Furthermore, mutant uromodulin might also indirectly affect the renal reabsorption of divalent mineral cations. Thus the ion transporter NKCC2 is essential for the passive paracellular reabsorption of Ca 2ϩ and Mg 2ϩ (12, 13) . If NKCC2-mediated ion transport is impaired, this results in hypercalciuria and hypermagnesiuria, which was observed in homozygous Umod A227T mutant mice and might also be existent in humans with UMOD mutations (33) . The osteopenic phenotype of homozygous Umod A227T mutant mice is probably a long-term consequence of hypercalciuria.
Reduced fractional excretion of uric acid and the occurrence of hyperuricemia are a frequent symptom of uromodulinassociated kidney disease in humans (7, 14) . We also detected reduced fractional uric acid excretion in homozygous mutant mice. Renal tubular reabsorption of urate takes place in the proximal tubule, mediated by several urate transporters (8) . It was hypothesized that the intracellular uromodulin overload impairs Na ϩ reabsorption by the TALH cells, leading to defective urine concentrating capacity. The resulting state of volume depletion may be compensated by increased proximal tubular reabsorption of Na ϩ , which is known to promote reabsorption of urate (29, 31) . An absence or only moderate occurrence of hyperuricemia in Umod A227T mutant mice may be due to preserved uricase activity in mice, which is absent in humans (8) .
The combination of increased (homozygous mutant males) or fairly unchanged (homozygous mutant females) daily urea excretion and reduced fractional excretion of urea may be Values are means Ϯ SD; n ϭ 9 -10/genotype of males; n ϭ 5-7/genotype of females. Age of mice analyzed: 15-18 wk. DXA, dual-energy X-ray absorptiometry; BMD, bone mineral density; BMC, bone mineral content. Student's t-test vs. wild-type: *P Ͻ 0.05, †P Ͻ 0.01, ‡P Ͻ 0.001. Fig. 3 . Evaluation of energy metabolism by indirect calorimetry. Body temperature and metabolic rate were moderately decreased in heterozygous mutants and distinctly decreased in homozygous mutants compared with sex-matched wild-type control mice. Mean respiratory quotient was not different between genotypes, indicating that metabolic fuel utilization was not different between genotypes. Age of mice analyzed: 12-15 wk. Values are means Ϯ SD. n ϭ 8 -10/genotype and gender. Student's t-test vs. wild-type: *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001.
indicative of a urea-selective urinary concentrating defect in homozygous mutant animals. Renal urea transport is mediated by several urea transporters located at the thin descending limb or collecting duct of the nephron, or at the descending vasa recta (11, 37) . As uromodulin is exclusively expressed in TALH cells, the Umod mutation may influence expression or activity of urea transporters indirectly as a consequence of TALH dysfunction. Urea accumulation in the inner medullary interstitium and countercurrent exchange are important features of the impact of urea in the urine concentration mechanism. If this is compromised, a urea-selective urinary concentration defect can occur (38) . Also, an increase in medullary blood flow potentially causes a urea-selective concentration defect. Thus countercurrent exchange of urea between ascending and descending vasa recta might be impaired if the contact time of urea to vessel walls is too short.
Besides alterations in renal function, body composition, energy, and lipid metabolism were altered in Umod A227T mutant mice. Thus body weight was lower in mutant mice than in wild-type controls. In addition, mutant mice accumulated less body fat. In humans, small kidney size was sometimes diagnosed by renal ultrasound analysis in carriers of UMOD mutations (33, 36) . However, relative kidney weight was not altered in mutant mice. In addition, mutant mice exhibited a reduction in body temperature and, to a minor degree, in metabolic rate. These changes are probably secondary to the functional and structural changes in the kidney.
In humans, uromodulin-associated kidney disease is also classified as a dominant disorder. Occurrence of homozygosity for a dominant UMOD mutation with more pronounced clinical symptoms was reported (27) . Mutations can cause loss-ofphysiological function or gain-of-toxic function of the protein.
In uromodulin-associated kidney disease in humans, it was hypothesized that decreased urine concentrating efficiency and impairment of water reabsorption might result from the absence of released uromodulin (33) . This assumption was not confirmed by the phenotype of Umod knockout mice, which exhibit only minor changes in renal function (3). The phenotypic and functional alterations of Umod A227T mutant mice suggest a gain-of-toxic function of mutant uromodulin, leading to TALH dysfunction due to disturbed uromodulin trafficking. This concept is supported by the fact that, in stably transfected immortalized TALH cells, accumulation of mutant uromodulin glycoprotein in ER induced apoptosis (9) .
Taken together, the Umod A227T mutant mouse line represents the first animal model for uromodulin-associated kidney disease with features similar to the human disease. TALH dysfunction may be caused by a defect of mutant uromodulin trafficking. We clearly demonstrated that renal consequences of the TALH dysfunction were alterations in uric acid, urea, and divalent mineral cation metabolism. In addition, consequences of an Umod mutation for body composition as well as for bone, energy, and lipid metabolism were for the first time systematically analyzed. Further analyses will focus on the onset and progression of this renal dysfunction and the kind of mutant uromodulin trafficking defect in the Umod A227T mutant mouse line.
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